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As  part  of  an  effort  to  develop  cost-effective  ferritic  stainless  steel-based  interconnects  for  solid  oxide 
fuel  cell  (SOFC)  stacks,  both  bare  AISI441  and  AISI441  coated  with  (Mn,Co)304  protection  layers  were 
studied  in  terms  of  its  metallurgical  characteristics,  oxidation  behavior,  and  electrical  performance.  The 
addition  of  minor  alloying  elements,  in  particular  Nb,  led  to  formation  of  Laves  phases  both  inside  grains 
and  along  grain  boundaries.  In  particular,  the  Laves  phase  which  precipitated  out  along  grain  boundaries 
during  exposure  at  intermediate  SOFC  operating  temperatures  was  found  to  be  rich  in  both  Nb  and  Si.  The 
capture  of  Si  in  the  Laves  phase  minimized  the  Si  activity  in  the  alloy  matrix  and  prevented  formation 
of  an  insulating  silica  layer  at  the  scale/metal  interface,  resulting  in  a  reduction  in  area-specific  electrical 
resistance  (ASR).  However,  the  relatively  high  oxidation  rate  of  the  steel,  which  leads  to  increasing  ASR 
over  time,  and  the  need  to  prevent  volatilization  of  chromium  from  the  steel  necessitates  the  application  of 
a  conductive  protection  layer  on  the  steel.  In  particular,  the  application  of  a  Mn1.5C01.5O4  spinel  protection 
layer  substantially  improved  the  electrical  performance  of  the  441  by  reducing  the  oxidation  rate. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Oxidation  resistant  alloys,  in  particular  ferritic  stainless  steels, 
are  considered  to  be  promising  candidate  materials  for  intercon¬ 
nect  applications  in  SOFC  stacks  operating  in  the  intermediate 
temperature  range  of  650-800  °C  [1-5].  One  issue  associated  with 
the  use  of  steels  in  this  application,  however,  is  the  high  electri¬ 
cal  resistance  that  arises  from  the  growth  of  an  oxide  scale  on  the 
alloys  during  high  temperature  exposure.  In  addition  to  the  scale 
(chromia  or  other  semi-conductive  oxides  such  as  spinels),  an  insu¬ 
lating  silica  layer  often  forms  at  the  scale/metal  interface  due  to  the 
presence  of  residual  Si  in  the  alloy.  This  silica  layer,  if  continuous, 
can  drastically  increase  the  electrical  resistance  of  metallic  inter¬ 
connects.  For  example,  with  <1%  residual  Si,  AISI430  (17%  Cr)  often 
forms  a  silica  sub-layer  at  the  scale/metal  interface  under  SOFC 
operating  conditions,  increasing  the  combined  steel/scale  electrical 
resistance  [5-7].  To  improve  the  scale  conductivity,  several  alloys, 
including  Crofer  22  APU  [8-10]  and  ZMG232  [11,12],  have  been 
specifically  developed  in  the  past  few  years  for  the  SOFC  intercon¬ 
nect  application.  These  alloys  contain  a  small  amount  of  Mn  that 
results  in  formation  of  a  conductive  dual  layer  scale  consisting  of  a 
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(Mn,Cr)304  top  layer  and  chromia  sub-layer.  Also,  to  control  resid¬ 
ual  elements  such  as  Si  and  mitigate  their  negative  effects  for  the 
interconnect  applications,  additional  processing  such  as  vacuum 
refining  is  commonly  used.  Overall,  these  newly  developed  alloys 
demonstrate  improved  suitability  for  the  interconnect  application, 
due  in  part  to  their  improved  electrical  performance.  However,  the 
vacuum  refining  significantly  adds  to  the  material  cost,  thereby  par¬ 
tially  offsetting  the  anticipated  cost  reduction  associated  with  the 
replacement  of  ceramic  interconnects  with  alloy-based  intercon¬ 
nects. 

Alternatively,  modification  of  the  alloy  chemistry  can  potentially 
be  used  to  avoid  silica  layer  formation  without  the  need  for  expen¬ 
sive  vacuum  refining  steps.  The  alloying  approach  can  be  traced 
back  to  a  study  by  Dulieu  et  al.  [6]  that  evaluated  conventional 
grade  (i.e.,  alloys  prepared  via  a  conventional  melting  approach, 
without  extra  refining)  ferritic  stainless  steels  1.4510  (17%  Cr-Ti, 
equivalent  to  AISI439)  and  1.4509  (18%  Cr-Nb-Ti,  AISI441 ),  in  com¬ 
parison  with  1.4016  ( 17%  Cr,  AISI430).  Unlike  1.4016,  the  former  two 
ferritic  stainless  steels  did  not  exhibit  formation  of  a  silica  sub-layer 
at  the  scale/metal  interfaces,  in  spite  of  the  presence  of  over  0.5% 
residual  Si  in  the  Fe-Cr  substrates.  Consequently  these  two  ferritic 
stainless  steels  demonstrated  a  lower  area-specific  electrical  resis¬ 
tance  (ASR)  than  1.4016.  Also  the  minor  alloy  additions  appeared  to 
alter  the  oxidation  behavior  by  promoting  formation  of  a  chromia 
scale.  Since  then,  several  other  ferritic  stainless  steels  with  minor 
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Fig.  1.  Microstructures  of  as-received  441 :  (a)  an  SEM  image;  (b)  a  TEM  bright  field  image  of  a  grain  boundary,  and  (c)  a  TEM  bright  field  image  of  second  phase  precipitates 
and  EDS  analysis. 


additions  of  Nb,  Ti,  and/or  other  Laves  phase  formation  elements 
such  as  W,  Mo,  etc.,  have  been  developed  or  evaluated.  In  addition 
to  improved  electrical  performance,  the  Fe-Cr-Nb(-Mo-W-)-Ti 
ferritic  stainless  steels  were  also  reported  to  exhibit  improved 
mechanical  strength  due  to  the  Laves  phase  formation  [7,13-15]. 

To  gain  further  insight  into  the  effects  of  minor  alloying  addi¬ 
tions,  the  metallurgical  characteristics,  oxidation  behavior  and 
electrical  performance  of  AISI411,  a  commercial  ferritic  stainless 
steel  were  investigated.  In  addition,  potential  benefits  of  protec¬ 
tive  spinel  coatings  were  examined  by  applying  protective  layers  of 
(Mn,Co)304  spinel  to  441,  and  comparing  the  behavior  of  coated  441 
to  that  of  uncoated  441.  By  restricting  oxygen  inward  diffusion,  and 


Table  1 

Yield  strength  (Rpo.2)  of  ferritic  stainless  steels  [26,34] 


Temperatures 

0.2%  Off  set  yield  strength  (MPa) 

Fahrenheit  (F) 

Celsius  (°C) 

T441 

Crofer22  APU 

77 

25 

302 

275 

400 

204 

251 

167 

800 

427 

224 

145 

1200 

649 

171 

60 

1400 

760 

83 

31 

chromium  outward  diffusion,  the  spinel  coatings  have  been  found 
to  be  effective  in  reducing  chromium  volatility,  and  in  improving 
both  surface  stability  and  electrical  stability  [16-22].  This  paper 
reports  the  results  of  the  study,  and  discusses  the  suitability  of  the 
steel  for  SOFC  interconnect  applications. 


2.  Experimental 

2.1.  Sample  preparation 

The  ferritic  stainless  steel  studied  was  AISI441,  a  commercial 
product  of  Allegheny  Ludlum  Inc.,  with  a  chemical  composition  of 
17.6%  (weight)  Cr,  0.33%  Mn,  0.47%  Si,  0.46%  Nb,  0.18%  Ti,  0.20% 
Ni,  0.01%  C,  0.045%  Al,  0.024%  P,  0.001%  S,  balance  Fe.  The  steel 
plate,  with  a  thickness  of  1.5  mm,  was  cut  into  25.4  mm  x  12.7  mm 
coupons,  and  cleaned  in  an  ultrasonic  acetone  bath  for  5  min 
and  then  rinsed  in  alcohol  prior  to  testing  or  application  of  the 
spinel  coating.  A  slurry-based  approach  [20]  was  used  to  apply  the 
Mn!  5C01.5O4  spinel  protection  layers  on  the  steel  coupons.  After 
coating  application,  the  dried  coupons  were  first  heat-treated  in  a 
reducing  environment  (2.75%  H2  +  3%  FI2O  +  94.25%  Ar)  for  2  h  and 
then  oxidized  in  ambient  air  at  800  °C  for  1  h. 
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2.2.  Oxidation  kinetics  measurements 

Bare  and  coated  steel  coupons  were  evaluated  via  isothermal 
oxidation  tests  in  ambient  air.  The  isothermal  oxidation  testing  in 
air  was  performed  by  suspending  the  bare  or  coated  coupons  from 
an  alumina  rod  in  a  tube  furnace.  The  coupons  were  heated  to  800  °C 
at  5°Cmin_1,  held  at  this  temperature  for  100-1200  h,  and  then 
cooled  to  room  temperature.  A  steady  flow  of  ambient  air  (w/1  -2% 
water)  was  provided  throughout  the  oxidation  tests.  The  oxidized 
coupons  were  then  weighed  prior  to  structural  and  microstructural 
characterization. 

2.3.  Electrical  resistance  measurements 

The  electrical  resistance  of  bare  and  coated  441  was  measured 
using  a  four-probe  DC  technique.  Details  of  the  test  arrangement 
were  reported  in  a  previous  publication  [16].  Lao.8Sr0.2Mn03 
(LSM)  contact  paste  was  applied  between  two  identical  coupons 
and  Pt  wires  were  spot-welded  to  the  coupons.  During  the  test, 
a  constant  current  density  of  500  mA  cm-2  was  applied  to  the 
coupons  through  two  Pt  leads,  while  the  voltage  drop  across  the 
two  alloy  coupons  was  measured  with  the  other  two  Pt  leads.  The 
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Fig.  2.  Microstructures  of  441  after  oxidation  in  air  for  300  h  at  800  °C  and  cooling 
to  room  temperature  via  static  air  cooling:  (a)  an  SEM  image  and  (b)  a  TEM  bright 
field  image. 


area  specific  resistance  (ASR,  expressed  in  ohm  cm2)  of  the  scales 
were  then  calculated  according  to  Ohm’s  Law,  ASR  =  V/2i,  where 
V  is  the  voltage  drop  and  i  is  the  current  density.  The  factor  of  2 
was  included  to  account  for  the  fact  that  the  voltage  drop  was 
measured  across  two  oxide  scales  connected  in  series. 

2.4.  XRD,  SEM,  and  TEM  analyses 

XRD  analysis  on  the  oxidized  alloy  coupons  was  performed  using 
a  Philips  XRG-3100  X-ray  Generator  with  Cu  Ka  radiation.  SEM 
analysis  was  performed  using  a  JEOL  scanning  electron  microscope 
(model  5900  LV)  equipped  with  energy-dispersive  spectroscopic 
(EDS)  capability  at  an  operating  voltage  of  20  kV.  After  SEM  analysis 
of  the  surface,  the  coupons  were  epoxy-mounted,  sectioned,  pol¬ 
ished,  and  further  examined  by  SEM.  In  addition,  high  resolution 
transmission  electron  microscopy  (HRTEM)  equipped  with  an  EDS 
analytical  system  was  also  used  to  study  the  steel  samples.  A  thin 
foil  cross  section  for  the  TEM  analysis  was  prepared  by  standard 
tripod  wedge  polishing,  followed  by  Ar-ion  beam  thinning  for  elec¬ 
tron  transparency.  The  JEOL  TEM  2010  microscope  was  operated 
on  a  voltage  of  200  kV,  with  a  specified  point-to-point  resolution  of 
0.194  nm.  Composition  of  the  precipitates  in  the  steel  substrate  was 
analyzed  using  the  EDS  with  an  energy  resolution  of  136  eV  (Oxford 
link  EDS  spectrometer  running  ISIS).  Due  to  the  thinness  of  the  spec¬ 
imen,  the  absorption  effect  was  ignored  during  the  quantification 
for  the  spectra. 

3.  Results  and  discussion 

3.1.  Metallurgy  of  Ferritic  stainless  steel  AISI T441 

Fig.  1(a)  shows  an  SEM  back-scattering  image  of  the  microstruc¬ 
ture  of  the  as-received  441.  Due  to  the  different  contrast  resulting 
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Fig.  3.  Weight  gain  (w2,  g2  cm-4)  of  bare  and  spinel-coated  441  as  a  function  of 
time  during  oxidation  in  air  at  800  °C. 
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from  different  crystal  orientation,  it  is  apparent  that  the  grains 
ranged  in  size  from  around  20-60  p,m.  Second  phases  (white  in 
appearance)  were  observed  to  be  randomly  distributed  within  the 
grains.  SEM/EDS  point  analysis  indicated  that  the  second  phases 
were  rich  in  Nb  and  Ti,  but  contained  little,  if  any,  Si.  This  was  fur¬ 
ther  confirmed  by  TEM  observation  and  EDS  analysis,  as  shown  in 
Fig.  2(b).  The  point  TEM/EDS  point  analysis  at  the  precipitate  “B” 
found  75.4  Fe,  1.1  Nb,  15.7  Cr,  0.4  Si,  7.5  Ti  (atomic%).  Also  the  TEM 
analyses  revealed  clean  grain  boundaries  with  no  apparent  second 
phase  precipitation,  as  shown  in  Fig.  3(c).  The  intra-grain  precip¬ 
itates  appeared  to  be  a  Laves  phase  of  MgZn2  crystal  structure, 
although  carbides  and  nitrides  of  Nb  and  Ti  are  thermodynamically 
possible  as  well  [23,24].  It  was  previously  documented  that  Nb- 
additions  can  result  in  NbFe2  Laves  phase  formation  in  Fe-Cr-Nb 
base  alloy  substrates  [25,26].  Nb-base  Laves  phases  involving  other 
elements,  such  as  W,  Mo,  Cr,  Si,  Ti,  etc.,  were  also  reported  to  be 
thermodynamically  favorable  [27-30]. 

After  oxidation  in  air  at  elevated  temperature,  second  phases 
were  observed  at  the  grain  boundaries.  Fig.  2(a)  shows  the  SEM 
back-scattering  image  of  a  sample  after  oxidation  in  air  at  800  °C 
for  300  h.  The  precipitates  along  grain-boundaries  delineate  the 
grain  sizes,  which  appear  to  be  similar  to  that  of  the  as-received 
material,  indicating  little  change  in  grain  size  during  the  oxida¬ 
tion.  It  appears  that  the  precipitates  may  act  to  stabilize  the  grain 
boundaries,  avoiding  grain  growth  at  the  tested  temperatures.  TEM 
analyses,  as  shown  in  Fig.  2(b),  further  confirmed  the  presence 
of  second  phases  that  precipitated  out  along  grain  boundaries  in 
the  oxidized  samples.  Further  EDS  point  analysis  on  a  precipi¬ 
tate,  marked  as  “A”,  indicated  65.9  Fe,  15.1  Nb,  10.8  Cr,  5.5  Si,  2.6 
Ti.  The  precipitates  along  grain  boundaries  were  rich  in  both  Nb 
and  Si,  in  contrast  to  the  intra-grain  precipitates  that  contained 


Fig.  4.  XRD  patterns  of  scales  grown  on  bare  and  spinel-coated  441  during  oxidation 
in  air  at  800  °C  for  300  h. 


little,  if  any,  Si.  Further  micro-diffraction  analysis  on  the  precip¬ 
itate  confirmed  that  the  second  phase  at  the  grain  boundaries 
was  a  Laves  phase.  This  is  consistent  with  results  reported  pre¬ 
viously  [13-15]  on  Fe-Cr-Nb  base  ferritic  stainless  steels.  These 
alloys  also  exhibit  improved  mechanical  strength,  in  particular  at 
high  temperatures,  due  to  the  minor-alloy  element  additions.  For 
example,  T441  demonstrates  a  yield  strength  in  the  SOFC  inter¬ 
mediate  operating  temperature  range  (650-800  °C)  that  is  two  to 
three  times  higher  than  ferritic  stainless  steel  without  minor  addi¬ 
tions  of  strengthening  elements  such  as  Nb  (see  Table  1 ).  Similarly, 
Fe-Cr-Nb-W-Si  was  reported  to  have  relatively  high  creep  rup¬ 
ture  strength  at  SOFC  operating  temperatures  [14].  The  improved 
mechanical  strength  and  high  temperature  capability  are  mainly 
attributed  to  solid  solution  strengthening  by  Nb  (as  well  as  Mo  and 
W)  [31  ],  and  precipitation  strengthening  through  formation  of  the 
Laves  phase  [14]. 

3.2.  Oxidation  of  bare  and  coated  44t 

Fig.  3  shows  the  oxidation  kinetics,  in  terms  of  weight  gain 
as  a  function  of  time,  of  bare  441,  along  with  that  of  441  coated 
with  the  Mnli5Coi.504  spinel  protection  layer.  The  measurements 
were  carried  out  in  ambient  air  at  800  °C  for  up  to  1200  h.  For 
bare  441,  the  weight  gain  due  to  the  scale  growth  on  its  sur¬ 
face  approximately  followed  the  classic  parabolic  relationship  with 
time.  The  calculated  rate  constant  (5.0  x  10-14  g2  cm-4  s-1 )  is  com- 


Fig.  5.  SEM  surface  microstructures  of  441  after  oxidation  at  800  °C  in  air  for  (a)  300 
and  (b)  900  h. 
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Fig.  6.  SEM  cross-sections  of  441  after  oxidation  in  air  at  800  °C  for  (a)  100  h,  (b)  300  h  and  (c)  900  h. 


parable  to  that  of  Crofer  22  APU,  and  slightly  lower  than  that  of 
AISI430  under  similar  testing  conditions  [6,10].  The  coated  441 
exhibited  lower  weight  gain  with  time  under  the  identical  test¬ 
ing  conditions.  Since  the  coatings  appeared  to  be  impermeable  to 
air  (i.e.,  with  closed  pore  microstructure),  the  weight  change  of 
the  coated  samples  is  attributed  to  oxygen  ion  inward  diffusion 
through  the  coating  leading  to  subsequent  scale  growth  beneath 
the  coating  [16].  The  oxidation  rate  is,  however,  2-3  times  lower 
that  of  the  bare  alloy,  indicating  the  effectiveness  of  the  coating 
in  reducing  the  scale  growth  rate  beneath  the  spinel  protection 
layers. 

X-ray  diffraction  analysis,  as  shown  in  Fig.  4,  indicated  that  the 
scale  grown  on  bare  441  was  comprised  of  chromia  and  a  spinel 
phase,  which  was  likely  (Mn,Cr)304  considering  the  presence  of 
residual  Mn  in  the  steel.  Cross-section  SEM/EDS  analysis  on  the 
oxidized  samples  (similar  to  the  analysis  shown  in  Fig.  10a)  con¬ 
firmed  that,  as  in  the  case  of  Crofer  22  APU,  the  scale  grown  on 
441  was  a  dual  layer  structure  with  an  Mn-rich  spinel  top  layer  and 
chromia-rich  sub-layer  [10].  In  addition,  SEM  surface  observation 
on  the  bare  samples  after  oxidation,  as  shown  in  Fig.  5(a),  found 
coarse  (Mn,Cr)304  spinel  crystallites  dotting  the  grain  boundaries 
of  the  surface  scale.  This  indicates  that,  apparently,  grain  bound¬ 
aries  acted  as  fast  diffusion  paths  for  Mn  and  Cr.  No  spallation 
was  observed  in  the  early  stages  of  oxidation,  but  after  900  h, 
localized  spallation  was  observed,  with  the  spallation  edges  coin¬ 
ciding  with  grain  boundaries  (Fig.  5b).  The  observation  is  consistent 
with  recent  publications  that  indicated  a  weak  adherence  of  the 
scale  [15,32].  Further  SEM  cross-section  examination,  as  shown 


in  Fig.  6,  found  uniform  scale  growth  on  the  steel  substrates, 
with  the  scale  thickness,  as  expected,  increasing  with  oxidation 
time.  Occasional  delamination  observed  at  the  scale/alloy  interface 
may  be  an  indication  of  weak  adherence  of  the  scale  to  the  steel 
substrate. 

Results  of  X-ray  diffraction  analysis  of  the  coated  samples 
are  shown  in  Fig.  4,  along  with  that  of  bare  samples.  Previ¬ 
ous  work  [17]  indicated  a  single  cubic  phase  for  Mn1.5C01.5O4 
spinel  at  elevated  temperatures  (e.g.,  800  °C),  with  tetragonal 
domains  forming  in  the  cubic  matrix  (through  a  diffusionless, 
martensitic  transformation)  during  cooling  to  room  tempera¬ 
ture.  That  is,  the  high  temperature  cubic  structure  of  the  spinel 
would  transform  into  a  dual  phase  structure  consisting  of  a  cubic 
phase  and  a  tetragonal  phase.  The  present  study  found,  however, 
a  different  structural  behavior  for  the  spinel  coating  on  441.  After 
300  h  at  800  °C,  a  single  cubic  spinel  phase  was  observed  at  room 
temperature,  instead  of  the  aforementioned  dual  cubic  and  tetrag¬ 
onal  mixed  structure.  EDS  analysis  on  cross-sections  indicated 
the  presence  of  Fe  in  the  coating,  so  it  is  assumed  that  the  dif¬ 
fusion  of  Fe  from  the  alloy  into  the  coating  was  responsible  for 
the  observed  stabilization  of  the  high  temperature  cubic  struc¬ 
ture.  Formation  of  solid  solution  of  (Mn,Fe)304  or  (Mn,Fe,Co)304 
was  reported  to  be  thermodynamically  favorable  [33].  Impor¬ 
tantly,  however,  SEM/EDs  analyses  found  no  Cr  penetration  into 
the  spinel  coatings  (as  will  be  discussed  in  the  next  section). 
Thus,  the  spinel  protection  layers  acted  as  an  effective  barrier 
to  Cr-outward  transport.  SEM  cross-section  analyses,  as  shown 
in  Fig.  7,  indicated  gas-tight  (i.e.,  closed  porosity)  coatings.  The 
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Fig.  7.  SEM  cross-sections  of  spinel-coated  441  after  oxidation  in  air  at  800  °C  for  (a)  100  h,  (b)  300  h  and  (c)  900  h. 


scales  grown  beneath  the  protection  layers  were  distinguishable 
and  their  thickness  increased  with  time.  The  coatings  were  appar¬ 
ently  well-bonded  to  the  substrates,  as  no  spallation  of  coatings  was 
observed. 

Overall,  it  appears  that  441  formed  a  scale  that  is  similar  to  that 
grown  on  Crofer22  APU,  which  is  comprised  of  a  (Mn,Cr)304  top 
layer  and  a  chromia  or  chromia-rich  sub-layer.  There  were  qualita¬ 
tive  indications  that  the  bonding  of  the  scale  to  the  steel  substrate 
might  be  weaker  than  that  observed  for  Crofer  22  APU,  possibly  due 
to  the  absence  of  rare  earth  elements  in  the  441.  The  steel’s  oxi¬ 
dation  resistance  or  surface  stability  was  improved  by  application 
ofMn1.5C01.5O4  spinel  protection  layers,  whose  room  temperature 
structure  evolved  from  a  cubic/tetragonal  mixture  to  a  single  cubic 
structure,  due  to  Fe  migration  from  the  steel  substrate  into  the 
coating. 

3.3.  Electrical  performance 

In  addition  to  satisfactory  structural  and  surface  stability,  can¬ 
didate  interconnect  alloys  must  demonstrate  a  low  electrical 
resistance  as  well,  in  order  to  minimize  power  loss.  Fig.  8  shows  the 
area  specific  resistance  of  bare  441  as  a  function  of  time,  along  with 
that  of  441  with  a  Mn1.5C01.5O4  spinel  protection  layer  or  coating. 
The  bare  441  exhibited  an  initially  low  ASR  that  increased  steadily 
over  time  due  to  oxide  scale  growth,  reaching  about  20  cm2 
after  500  h.  In  comparison,  the  ASR  of  the  coated  441  started  at 
a  slightly  higher  value  than  that  of  the  bare  441,  due  to  the  rela¬ 
tively  high  contact  resistance  with  the  oxide  coating  compared  to 
that  with  the  bare  metal.  But  the  resistance  with  the  coated  441 


then  decreased  slowly  over  the  span  of  the  test,  and  ended  up  at 
about  13m£2cm2  after  500  h  of  testing.  Similarly,  the  resistance 
of  bare  441  was  measured  at  750  °C  and  compared  with  that  of  a 
coated  sample  (see  Fig.  9).  The  ASR  of  the  bare  441  started  at  a  rel¬ 
atively  low  value  that  increased  over  time,  although,  as  expected, 
the  rate  of  increase  was  lower  than  that  at  800  °C  due  to  a  lower 
scale  growth  rate.  The  coated  sample  exhibited  an  ASR  that  again 


Time,  hours 

Fig.  8.  Area  specific  resistance  (ASR)  of  bare  and  spinel-coated  441  as  a  function  of 
time.  The  measurements  were  carried  out  in  air  at  800  °C  with  a  constant  applied 
current  of  500  mAcirr2.  Lao.8Sr0.2Mn03  paste  was  used  as  the  contact  material. 
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was  higher  than  that  of  the  bare  sample  at  the  beginning  of  the 
measurement,  but  which  decreased  over  time  and  finally  stabilized 
at  about  4mfi  cm2.  While  the  ASR  of  the  bare  441  was  primarily 
attributable  to  the  scale  growth,  the  contact  resistance  of  the  coated 
sample  might  have  been  dependent  on  several  factors,  including 
scale  growth  beneath  the  protection  layer  (tending  to  increase  ASR) 
and  improvement  in  the  electrical  contact  at  the  contact  mate¬ 
rial/coating  interface  due  to  interactions  between  the  LSM  contact 
material  and  the  spinel  (which  might  tend  to  decrease  ASR).  The 
observed  diffusion  of  Fe  from  the  alloy  into  the  spinel  may  also 
have  affected  the  conductivity  of  the  spinel  coating. 

Fig.  10(a)  shows  the  SEM  cross-section  analysis  of  the  bare  441 
and  LSM  contact  material  after  the  electrical  measurement.  A  uni¬ 
form  scale  was  grown  on  the  441  substrate,  which  appeared  to 
have  reacted  with  the  LSM  contact  material  at  their  interface  to 
form  a  dense  interfacial  layer.  EDS  point  analysis  confirmed  the 
second  phases  in  the  surface  region  of  the  steel  to  be  rich  in  Nb 
and  Si.  The  line  scan  indicated  that  the  scale  was  rich  in  Mn  in 
the  outer  layer  and  rich  in  Cr  in  the  sub-layer,  confirming  a  dual 
layer  structure  with  (Mn,Cr)304  spinel-rich  top  layer  and  chromia 
or  chromia-rich  sub-layer.  Importantly,  there  was  no  Si  enrichment 
or  silica  layer  formation  at  the  scale/metal  interface,  in  spite  of 
the  relatively  high  residual  Si  content  (0.47%)  in  the  steel.  This  is 
due  to  the  ability  of  Nb  to  capture  the  Si,  forming  the  observed 
Laves  phase  precipitates  that  reduced  Si  activity  in  the  steel  sub¬ 
strate  and  thus  inhibited  the  formation  of  an  insulating  silica  layer 
at  the  metal/scale  interface.  The  low  ASR  of  441,  especially  in  the 
early  stages  of  oxidation,  further  demonstrated  the  lack  of  silica 
layer  formation  at  the  interface.  While  there  was  evidence  of  Cr 
migration  into  the  LSM  contact  material  from  the  scale  grown 
on  the  bare  441,  no  evidence  of  Cr-migration  through  the  coat¬ 
ing  or  into  the  LSM  contact  materials  was  observed  for  the  coated 
sample,  although,  as  noted  previously,  some  Fe  diffusion  into  the 
spinel  coating  was  indicated.  Combined  with  the  aforementioned 
X-ray  diffraction  analysis,  it  is  clear  that,  during  the  high  tempera¬ 
ture  heat  treatment,  the  spinel,  with  an  initial  bulk  composition  of 
Mn1.5Coli504  and  a  cubic-and  tetragonal-mixed  structure  at  room 
temperature,  evolved  into  a  (Mn,Co,Fe)304  spinel  which  retained 
its  high  temperature  cubic  structure  when  cooled  to  room  temper¬ 
ature.  Similar  to  the  bare  441  sample,  there  was  no  formation  of  an 
insulating  silica  layer  at  the  scale/metal  interface,  as  indicated  by 
the  flat  Si  EDS  profile  across  the  interface.  The  lack  of  silica  layer 
formation  was  further  confirmed  on  additional  bare  and  coated 


Time  (hrs) 


Fig.  9.  Area  specific  resistance  of  bare  and  spinel-coated  441  as  a  function  of  time. 
The  measurements  were  carried  out  in  air  at  750  °C  with  a  constant  applied  current 
of  500mAcrrr2.  Lao.sSr0.2Mn03  paste  was  used  as  the  contact  material. 


(a) 


(b) 


Fig.  10.  SEM  cross-section,  along  with  EDS  line  scan,  of  441:  (a)  bare  alloy  after 
electrical  evaluation  at  800  °C  in  air  for  500  h  and  (b)  spinel-coated  alloy  after  1000  h 
of  electrical  evaluation.  Lao.sSro.2O3  paste  was  used  as  the  contact  material  for  the 
tests. 


samples.  While  the  lack  of  silica  layer  formation  is  encouraging, 
there  are  concerns  regarding  delamination  that  was  observed  along 
the  scale/metal  interfaces.  Although  it  is  likely  that  the  delamina¬ 
tion  occurred  during  sample  polishing,  its  presence  may  indicate 
that  the  scale/metal  interface  will  be  the  “weak  link”  that  lim¬ 
its  the  bonding  strength  and  structural  stability  of  spinel-coated 
441. 

In  addition  to  the  short-term  tests,  longer  ASR  tests  were 
also  carried  out  on  bare  and  coated  441.  As  shown  in  Fig.  11, 
the  ASR  of  bare  441  increased  to  about  60  m£2  cm2  after  nearly 
6000  h  of  oxidation  in  air  at  800  °C.  In  contrast,  the  spinel-coated 
sample  exhibited  stable  ASR  of  around  12  m£2  cm2  during  the  long¬ 
term  testing.  It  is  noted  that  the  tests  were  interrupted  twice 
by  unscheduled  power  break-down  at  around  650  and  2800  h, 
respectively.  The  unscheduled  thermal  event  caused  a  discontin¬ 
uous  increase  in  the  ASR  of  bare  441,  indicating  contact  problem 
or  likely  a  detachment  of  the  scale  from  the  metal  substrate.  In 
contrast,  the  ASR  of  the  coated  sample  returned  to  the  previous 
level,  indicating  that  application  of  the  spinel  protection  layers 
helped  improve  the  surface  stability  of  the  Fe-Cr-Nb-Ti  stainless 
steel. 

Overall  it  appears  that  the  bare  441  represents  a  promising  alloy 
chemistry  that  inhibits  the  formation  of  an  insulating  silicon  layer 
at  the  alloy/scale  interface.  This  indicates  the  feasibility  of  using 
alloy  chemistry  modifications  to  develop  cost-effective  SOFC  inter- 
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Fig.  11.  Long-term  area  specific  resistance  (ASR)  of  bare  and  spinel-coated  441  as 
a  function  of  time.  The  measurements  were  carried  out  in  air  at  800  °C  with  a  con¬ 
stant  applied  current  of  500  mA  cm-2 .  La0.8  Sr0.2  Mn03  paste  was  used  as  the  contact 
material. 

connects  based  on  ferritic  stainless  steels.  However,  for  long-term 
stability  and  prevention  of  Cr-migration  from  the  steel  substrate, 
protective  coatings  are  still  needed. 

4.  Conclusions 

Investigations  into  the  metallurgy,  oxidation  behavior,  and 
electrical  performance  indicate  a  promising  alloy  chemistry  in 
441  ferritic  stainless  steel  for  SOFC  interconnect  applications. 
Minor  alloying  additions  of  Nb  (and  Ti)  led  to  Laves  phase  for¬ 
mation  both  inside  grains  and  along  grain  boundaries  during 
exposure  in  the  intermediate  SOFC  operating  temperature  range. 
The  Laves  phase  which  precipitated  along  grain  boundaries  was 
rich  in  Si.  The  capture  of  Si  in  the  Laves  phase  prevented  for¬ 
mation  of  an  insulating  silica  layer  at  the  scale/metal  interface. 
Because  of  this,  441  demonstrated  low  ASR  during  the  early 
stages  of  oxidation.  However,  the  substantial  increase  in  ASR  due 
to  oxide  scale  growth  over  time  demonstrated  the  need  for  a 
conductive  protection  layer.  In  particular,  Mn1.5C01.5O4  coatings 
drastically  improved  the  electrical  performance  of  the  ferritic 
stainless  steel  441.  The  spinel  coatings  appeared  to  limit  oxy¬ 
gen  inward  diffusion,  which  thus  reduced  the  scale  growth  rate 
beneath  the  coatings.  While  some  diffusion  of  Fe  into  the  coat¬ 
ings  was  observed,  the  coatings  blocked  Cr  outward  migration  and 
thus  would  be  expected  to  prevent  potential  Cr-poisoning  of  SOFC 
cathodes. 
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